It is shown in this paper that the optimum position of interleaved repeaters for minimum delay and noise is not the midpoint as commonly practiced. A closed form solution for the optimum position has been derived in this paper and verified by simulation. Bi-directional buses with the optimum interleaved repeater position are compared to commonly used bi-directional buses and shown to provide an improvement of as much as 100% in both the propagation delay and bit-rate per unit area. The area of the induced noise pulse on victim lines is shown to be zero indicating that the aggressor lines are virtually static when optimum repeater positioning is used.
INTRODUCTION
With the continuous scaling of technology, increased die area and faster clock speeds, the delay and noise of on-chip buses are becoming one of the main bottlenecks in current integrated circuits. The delay and noise through a long bus is a strong function of the coupling capacitance between the wires. Especially detrimental to delay is the Miller-like effect when adjacent wires simultaneously switch in opposite directions.
As the technology is scaled, the lateral component of interconnect capacitance (coupling capacitance) grows to dominate the total interconnect capacitance due to reduction in wire pitch and the increase in the interconnects' aspect ratio. It is shown in [1] and [2] that in recent DSM technologies, the lateral interconnect capacitance components can be from three to five times as much as the vertical component. The growing coupling capacitance increases both the crosstalk between bus lines and hence deteriorates the signal integrity and the maximum bit-rate of the bus.
.
Fig. 1. Interleaved Repeaters on a Bus
In current bus design methodologies, designers interleave the position of the repeaters along each line to further reduce the delay due to coupling. A repeater on a unidirectional or a bidirectional bus line is usually positioned exactly midway between the positions of two consecutive repeaters on the adjacent bus line as shown in Fig. 1 . This placement leads to a 50% reduction in the worst-case crosstalk delay compared to the delay of a bus without interleaved repeaters. This reduction is due to the fact that when half of the aggressor line switches in a certain direction, the other half switches in the opposite direction, significantly reducing the net coupling capacitance. Hence, the effective coupling capacitance between the aggressor and victim lines is reduced, leading to a reduction in both the propagation delay component due to crosstalk and the induced noise on the victim line.
The rest of the paper is organized as follows. In Section 2, the optimum interleaved repeater position is analytically derived. A comparison in propagation delay and noise is also performed between buses with optimal and midway repeater positions. In section 3, the performance of bi-directional buses with the optimal interleaved repeater positions, derived in section 2, is compared to other bi-directional buses commonly used in current integrated circuits. Finally, section 4 presents the conclusion.
OPTIMUM INTERLEAVED REPEATER POSITION
In this section, the optimum interleaved repeater position is derived and shown to provide minimal propagation delay as well as zero area of the noise pulse induced on the victim net. The optimal positioning scheme will then be compared to the commonly used midway positioning scheme.
Optimum Interleaved Repeater Position for Minimal Propagation Delay
It is commonly and erroneously assumed that the optimum position of interleaved repeaters for minimum delay is the interconnect segment's midpoint. However, the optimum position for minimum delay, as is shown in this subsection, should be downstream of the segment's midpoint. This result can be explained by noting that the aim of interleaving the repeaters is to divide each segment into two parts coupled to segments switching in opposite directions. If the two parts have an equal share in the overall delay due to coupling, the total delay due to coupling can be cancelled. However, the coupling capacitance at the end of the line is driven by more resistance than that at the beginning of the line, and contributes more to the delay. Therefore, the point, at which the capacitance of each segment part equally contributes to the delay, will be downstream of the center of the segment. where r is the line's resistance per unit length, c g is the line's vertical capacitance component per unit length and c c is the line's lateral capacitance component per unit length. R inv and C inv are the repeater's output resistance and input capacitance, respectively. α 12 is the switching activity coefficient between segments 1 and 2, while α 13 is the switching activity coefficient between segments 1 and 3. α 12 and α 13 take the values shown in Table 1 .
Fig. 2. Two adjacent bus lines with interleaved repeaters
Performing the integration in (1), 
where
There are three possible switching scenarios for the two lines shown in Fig. 1 , which results in the switching activity coefficients α 12 and α 13 listed in Table 1 . Each of these cases has a different propagation delay equation as given in (8). 
Equation (12) shows that the optimal relative position ratio, β opt , depends only on the resistive ratio η r and varies from 0.5 to 0.707. When the inverter output resistance, R inv , dominates the line resistance, rl, the resistance ratio η r is very large and the propagation delay varies linearly with β, as shown in (3). This makes β opt approach 0.5. At the other extreme, when the line resistance dominates the inverter output resistance, the resistive ratio η r approaches zero and the propagation delay varies quadraticaly with β. This makes β opt approach 0.707. In current DSM technologies the line resistance is usually comparable or higher than the repeater's output resistance. Thus, the optimum relative position ratio, β opt will be closer to 0.707 rather than 0.5 as commonly assumed. The variation of β opt with η r expressed by (12) is illustrated in Fig. 3 . Substituting from (12) in (9), the optimum (minimal) propagation delay will thus be
The optimal propagation delay t p,opt given by (14) is exactly the same as the propagation delay, t p11 in (8), when line 2 has no activity. Thus, placing the interleaved repeaters at the optimal position β opt .l causes adjacent lines to appear as virtual static lines independent of their switching condition.
Area of the noise pulse on the victim line:
In order to quantify the noise pulse on bus lines, consider the two adjacent bus lines in Fig. 2 . Assume that line 1, the victim line, is quiet (has no switching activity), while the aggressor line, line 2, is switching. Then the area of the noise pulse induced on the victim line, [4] , is
where v 1 (t) is the instantaneous voltage induced on the victim line and V m is the steady-state voltage of the segment on the aggressor line with the rising activity. C cTk is the total coupling capacitance downstream of node k on the victim line and, R k is the resistance of section k on the victim line.
Applying the integral form of the summation in (15) to the victim line in Fig. 2 , we obtain 
where t pc , β and η r are as defined in (5), (6) and (7), respectively. Each of the cases shown in Table 2 , will have an area of its noise pulse given by 
In order to get a noise pulse with zero average voltage, we require a certain optimal relative position ratio, β' opt , that will make A 1 = -A 2 = 0. Hence, equating (19) to zero yields This result is exactly the same as (11) and hence the optimal relative position ratio, β' opt, that gives a zero total area of the noise pulse of the victim line, is the same as the optimal relative position ratio, β opt, that minimizes the propagation delay. 
Therefore, by positioning the interleaved repeaters at a relative position of β opt l, both the propagation delay and the crosstalk induced on the line will be minimized. Since the area of the noise pulse is zero at optimal interleaved repeater positioning, the aggressor line acts as a virtual ground line. 
Comparison to Midway Interleaved Repeater Positioning:
Positioning repeaters on a line exactly midway between any two repeaters on the adjacent line, i.e. β=0.5, will lead to a nonoptimum propagation delay which can be obtained by substituting β = 0.5 in (9). The results also show that at the commonly used β = 0.5, the delay is 36% higher than the minimum delay at β opt . Note that this percentage improvement in delay is not general but varies with the repeater and line characteristics as shown by (23). The area of the noise pulse induced on the middle line, with the middle line inactive, was also recorded and plotted in Fig. 5 . The area of the noise pulse diminished to zero at β opt . It should also be noted that the average area of the noise pulse at the commonly used β = 0.5, was significantly larger than zero as suggested by (24). 
Practicality of the Optimal Interleaved Repeater Positioning Scheme
In the previous subsection, it was shown that inserting the interleaved repeaters at a relative position given by β opt l gives the optimum performance. This repeater positioning, however, cannot be practically applied to unidirectional buses. The reason can be explained based on the unidirectional two-line bus illustrated in Fig. 2 . Even though placing inverter c at a relative distance β opt l from inverter a optimizes the performance on line 1, the relative position of inverter b with respect to inverter c is (1 -β opt )× l ≠ β opt l. Hence, although the performance of line 1 is optimized, the performance of line 2 will be degraded compared to midway positioning. Thus, the only solution to balance the performance of both lines is to place the interleaved repeaters midway between each two repeaters on the adjacent line, i.e. β = 0.5, a shown in Fig. 1 . This is currently implemented in unidirectional buses. 
Line 2 from critical bus
It is also worth mentioning that optimally positioned interleaved repeaters in unidirectional buses can improve the system performance if two neighboring buses exist, such that the delay of only one of them is critical. In that case, the two buses can be combined such that their lines alternate and the optimally positioned interleaved repeaters are placed such that the performance of the lines of the critical bus is improved. This case is illustrated in Fig. 6 .
Although the optimal positioning of interleaved repeaters is not generally practical for unidirectional buses, but it can be efficiently implemented in bi-directional buses to improve their delay and noise performance. This is discussed in the following section and compared to other commonly used bi-directional buses. The previous analysis can be extended to derive the optimal positioning of interleaved repeaters in bi-directional buses. The main difference is that for each line the capacitive coupling to its two neighboring lines must be considered, which leads to a larger number of switching cases but yields the same previously derived optimum position (12).
BI-DIRECTIONAL BUSES WITH OPTIMALLY INTERLEAVED REPEATERS
In current integrated circuits, there are two main implementations of on-chip bi-directional buses. The first, shown in Fig. 7 , is a set of lines with bi-directional buffers and static lines (ground or power lines) in between. The other bus implementation, shown in Fig. 8 , is a set of lines with interleaved bi-directional repeaters inserted midway between any two repeaters on the adjacent line, β=0.5. In each of these two implementations, the data may flow in both directions on each of the signal lines but not simultaneously.
The bi-directional bus with optimally positioned interleaved repeaters is a set of unidirectional lines such that lines with opposite data flow alternate. Each line has interleaved repeaters inserted at the optimal relative position β opt l, as illustrated in Fig.   9 .
In order to fairly compare between the commonly used bidirectional bus implementations and the bi-directional bus with optimally positioned interleaved repeaters, a figure of merit M, defined, as the bit rate per bus area will be used. Also, the length per section l, the wire pitch s, and the used inverters are kept the same, and hence η r, c c and t pc will remain the same.
where B is the bit rate of the bus, n is the number of bus lines, w is the physical width of the line, s is the signal line pitch and L is the length of the bus.
The bit rate is proportional to the reciprocal of the propagation delay and thus can be formulated as Note that this optimum propagation delay is the same as that defined in (14) but as each line is sandwiched between two lines, the coupling capacitance is doubled.
In the bi-directional bus implementation, shown in Fig. 7 As the static line is not used for data signaling, only half of the bus lines are effectively sending data and hence n s = n/2.
In the bi-directional bus implementation, shown in 
